To examine the variability in the qualitative and quantitative results of computed tomographic (CT) perfusion imaging generated from identical source data of stroke patients by using commercially available software programs provided by various CT manufacturers.
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Kudo et al lowing scan parameters: fi eld of view, 240 mm; section thickness, 8 mm; gantry rotation speed, 1.0 sec; tube voltage, 120 kVp; and tube current, 70 mA. The total scan time was 50 sec. After CT perfusion imaging, intracranial CT angiography was performed by using 60 mL of the same contrast agent.
Postprocessing of CT Perfusion Imaging Data
After anonymization, the CT perfusion imaging data were postprocessed by one author (K.K., with 8 years experience in stroke imaging) by using fi ve commercial software packages for CT perfusion imaging analysis developed by fi ve manufacturers ( Table 1 ) without access to any patient information except that of the affected sides. The maximum slope (MS) method was used in software D ( 1 ) . The deconvolution method was used in the other four packages, which utilized various algorithms, such as singular-value decomposition (SVD): software A ( 14 ) and C ( 9 ) , in source data of stroke patients by using commercially available programs provided by various CT manufacturers.
Materials and Methods

Subjects
Our study protocol was approved by the institutional review board; written informed consent was obtained from the family members of all patients. Ten consecutive patients with acute ischemic stroke caused by major arterial occlusion (seven men, three women) were retrospectively collected ( Table E1 [online]). All patients also underwent unenhanced CT imaging, CT perfusion imaging, and CT angiography at admission and during follow-up. One patient had extracranial carotid occlusion (case 2) and six (cases 1, 3, 4, 5, 8, and 9) were diagnosed as intracranial embolic occlusion owing to arterial fi brillation. The etiologic outcome of the other three patients was not determined. Thrombolytic therapy was performed in one patient (case 1) and the other nine were treated conservatively. No recanalization was seen at follow-up CT angiography.
CT Examination
After performing unenhanced CT with a four detector-row scanner (Aquilion; Toshiba Medical Systems, Tokyo, Japan), CT perfusion imaging was performed with an intravenous bolus injection of contrast agent (40 mL of iopamidol; Bayer HealthCare, Berlin, Germany) injected at a rate of 5 mL/sec. Four sections, including the basal ganglia, were imaged simultaneously without table movement and by using the fol-C omputed tomographic (CT) perfusion imaging is a widely applied technique for initial evaluation of acute ischemic stroke patients, including prediction of tissue at risk and patient outcome (1) (2) (3) ; it is also used to assess other diseases such as hemodynamic ischemia ( 4 ), subarachnoid hemorrhage ( 5 ), and brain tumors ( 6 ) . Commercial software packages for CT perfusion analysis are now available with CT systems from all manufacturers and facilitate the use of CT perfusion imaging. Although one of the advantages of CT perfusion imaging is its quantitative nature, it has been reported that the results of CT perfusion imaging analysis vary substantially owing to differences in scan parameters, such as tube voltage ( 7, 8 ) , tube current ( 8 ) , and temporal resolution ( 9 ) . Variations have also been reported in postprocessing steps, such as the defi nition of arterial input function and venous output function ( 10 ), determination of bolus timing ( 11 ) , and deconvolution algorithms ( 12, 13 ) . However, previous studies have not focused on the differences among commercial software that use different algorithms. The differences among software can be important when interpreting perfusion abnormalities, comparing results among studies, and adopting CT perfusion imaging as a criterion for patient selection in multicenter trials.
The purpose of our study was to examine the variability in the qualitative and quantitative results of CT perfusion imaging generated from identical
Implications for Patient Care
Overestimation of abnormalities n in CBF and MTT values, presumably owing to the tracer-delay effect, occurred in software utilizing delay-sensitive algorithms.
Estimation of the fi nal infarct n region size can be more reliably determined by using CBF and MTT with delay-insensitive software than with delay-sensitive software.
Advances in Knowledge
There were signifi cant differences n in the abnormal areas and quantitative values of cerebral blood fl ow (CBF) and mean transit time (MTT) among fi ve commercial software packages provided by CT manufacturers; conversely, values for cerebral blood volume were almost identical among all fi ve.
All software used can be divided n in two groups according to the tracer-delay sensitivity for CBF and MTT measurements. 
Results
Areas of Perfusion AbnormalIties
There were signifi cant differences in the areas with CBF, MTT/TTP, or CBV abnormalities among all software packages, two SVD techniques in PMA, and the fi nal infarct size (one-way repeatedmeasures analysis of variance on ranks; P , .0001 for all).
Images that showed a decrease in CBF measured by using SVD (software A, C) and bMTF (software E) methods correlated well with those measured by using sSVD methods with PMA and were signifi cantly larger than the fi nal infarct size. However, the abnormal areas measured by using IF (software B) and MS (software D) methods correlated with those measured by using bSVD methods as well as the fi nal infarct size ( Figs 1, 2a ). There were signifi cant correlations between each pair of images among SVD, bMTF, and sSVD methods erated with sSVD and bSVD, and the follow-up unenhanced CT images were loaded in PMA and coregistered. All perfusion maps were displayed by using the identical color lookup table. The range of the color scale was determined automatically, as described in a previous report (ie, the top value was set to twice the average value of the unaffected hemisphere, the bottom value was set to zero) ( 12 ) . Vascular pixel elimination was applied by using a previously described method ( 22 ) , in which the threshold for a vascular pixel was 1.5 times the average CBV of the unaffected hemisphere.
After randomization of the maps, a polygonal region of interest (ROI) was manually drawn on the visually abnormal areas of the perfusion maps by an author (M.S., with 20 years experience in stroke imaging) who was unaware of the patients' information. The areas of the fi nal infarct defi ned as hypodense at follow-up CT were measured by using the same manual ROI tracing technique. These ROIs were obtained three times at 2-week intervals and their areas were averaged for further analysis.
CBF, CBV, and MTTs of the fi nal infarct area were measured by superimposing the ROI of the fi nal infarct area over each perfusion map. The relative values of CBF, CBV, and MTT (rCBF, rCBV, and rMTT, respectively; ie, ratios of the values obtained from the affected side to the values obtained from the corresponding contralateral unaffected side), were calculated by using an ROI mirrored to the midline of the cerebral hemispheres.
Statistical Analysis
A one-way repeated-measures analysis of variance on ranks (the Friedman test) which the details of the SVD algorithm have not been disclosed; an inverse fi lter (IF) method with software B ( 15 ); and a box-modulated transfer function (bMTF) with software E ( 16 ). The same CT perfusion imaging data were also analyzed by using a free software program, Perfusion Mismatch Analyzer (PMA) ( 17 ) to obtain results that served as a reference. PMA was developed as standardized software in the activity of Acute Stroke Imaging Standardization group in Japan ( 18 ) . Two deconvolution algorithms, standard SVD (sSVD) ( 19 ) and block-circulant SVD (bSVD) ( 20 ) , were used with PMA, as the characteristics of these algorithms are well documented, particularly in terms of sensitivity to the tracer-delay effect ( 13, 20, 21 ) . In addition, PMA uses the same core algorithm of SVD as used in the previous report ( 22 ) , the quantitative values of which were validated with positron emission tomography (PET). In both types of SVD algorithms, a fi xed threshold level of 0.2 was used as the cutoff value for diagonal matrices.
The positions of arterial input function and venous output function were manually set at the insular segment (M2) of the middle cerebral artery on the unaffected side and at the posterior part of the superior sagittal sinus, respectively. Positioning was performed carefully to ensure consistency among all software. Quantitative maps of cerebral blood fl ow (CBF), cerebral blood volume (CBV), and mean transit time (MTT) were generated. For software D, time-to-peak (TTP) maps were generated instead of MTT maps.
Data Analysis
CBF, CBV, and MTT/TTP maps generated by using all software, maps gen- ( Fig 2b , Table 2 ). In contrast, the areas with MTT abnormalities measured by using IF and bSVD had a signifi cant correlation, and corresponded well with the fi nal infarct size ( Fig 2b , Table 2 ). Areas with decrease in CBV, which were signifi cantly smaller than the fi nal infarct size, were not different among the software, and correlated well with each other ( Figs 1 and 2c , and Table 2 ).
Relative Values in Final Infarct Area
Differences among rCBF, rMTTs, and rCBV in the fi nal infarct area were significant among software (one-way repeatedmeasures analysis of variance on ranks; P , .0001 for all values).
rCBF measured with SVD (software A and C), MS (software D), and bMTF (software E) were signifi cantly smaller than those measured with bSVD but were not different from those measured with sSVD. While rCBF measured with IF (software B) were signifi cantly larger than those measured with sSVD, they were not different from those measured with bSVD ( Fig 3a ) . There were significant correlations between almost each pair of software, particularly between those utilizing IF, MS, sSVD, and bSVD ( Table 3 ) . rMTTs in the fi nal infarct areas varied remarkably among software ( Fig 3b ) . rMTTs measured with SVD and bMTF were signifi cantly larger than those measured with bSVD and sSVD. Moreover, the values measured with IF were signifi cantly lower than those measured with sSVD, but not those measured with bSVD ( Fig 3b ) . However, signifi cant correlations were observed among software, except for bMTF, particularly between IF and bSVD ( Table 3 ) . rCBVs were nearly constant ( Fig  3c ) when compared with the variations in rCBF and rMTT values. There were signifi cant correlations between almost all the combinations of these software ( Table 3 ) .
Intraoperator Agreements
Intraoperator agreements (intraclass correlation coeffi cients) in the three Areas with MTT/TTP abnormalities also varied markedly among software ( Figs 1, 2b ) . Abnormal TTP and MTT areas measured by using SVD, bMTF, and sSVD were signifi cantly larger than and between each pair of images among IF, MS, bMTF, and bSVD methods. We found only weak correlations between the pairs among the two aforementioned groups ( sSVD and bSVD, Table 2 ). Hence, the software appear to be divided in two groups: those that appear equivalent to sSVD (group 1; software A, C, and E), and those that appear equivalent to bSVD (group 2; software different algorithms. Although the manufacturers do not always provide endusers with precise information concerning their postprocessing techniques, we could compare the results of these programs with each other, with those derived by using the common algorithms such as sSVD and bSVD, and with the fi nal infarct size. The areas with CBF or MTT/TTP abnormalities substantially varied among the software. However, the areas with repeated ROIs for areas of abnormalities in the CBF, CBV, and MTT/TTP maps, as well as the fi nal infarct areas, were 0.997, 0.991, 0.994, and 0.978, respectively.
Discussion
In this study, perfusion maps were successfully generated by using commercially available software packages from fi ve CT manufacturers under nearly identical analysis conditions but with 
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Kudo et al fusion imaging ( 2 ) and delay-corrected SVD by using magnetic resonance (MR) perfusion ( 23 ) , while the fi nal infarct size was overestimated by using SVD with CT perfusion imaging ( 24 ) and MR perfusion imaging ( 23, 25 ) . In our study, none of the patients showed recanalization of occluded vessels. Abnormal CBF/MTT areas in the delay-sensitive software lead to overestimation of the fi nal infarct size, while CBF/MTT areas in the delay-insensitive software corresponded well. Therefore, delay-insensitive algorithms are preferable for estimating the fi nal infarct size. Evaluation of ischemic severity is another important factor in assessing acute ischemic stroke. In general, semiquantitative values, such as the ratio to the contralateral unaffected hemisphere, are considered as more reliable than the absolute values because the former result suggests that SVD algorithms used in software A and C are presumably sSVD or its equivalents, and that bMTF is sensitive to tracer delay. This result also supports the belief that the IF method ( 15 ), a mathematic equivalent of fast-Fourier transform ( 19 ) , and the MS method ( 1 ) (an estimation of CBF by using the maximum slope of the time-density curve) are independent of tracer delay. TTP is known to be dependent on the tracer delay, and should therefore be included in group 1.
Prediction of the irreversible infarct core is an important factor in identifying the tissue at risk by using a mismatch concept and in strategies for management of acute stroke. Previous reports demonstrated that abnormal CBF decrease correlated well with the fi nal infarct in the case of the delayinsensitive MS method by using CT per-B and D). These results suggest that CBF and MTT maps can provide similar information concerning perfusion abnormalities when the software belong to the same group, but not when in different groups.
It is well known that the difference between the sSVD and bSVD algorithms is in the tracer-delay sensitivity. In fact, bSVD was developed as a delay-insensitive technique on the basis of the delay-sensitive sSVD algorithm ( 20 ) . While sSVD may produce erroneous CBF decrease and MTT increase in areas where tracer arrival is simply delayed without any changes in CBF/ MTT, bSVD yields stable CBF and MTT values even with tracer delay ( 13 ) . In our study, the areas with CBF abnormalities in group 1 (software A, C, and E) were signifi cantly larger than those in group 2 (software B and D). This Table 2 Areas 
NEURORADIOLOGY: CT Perfusion Maps and Acute Stroke Patients Kudo et al
rCBF and delay-sensitive SVD methods showed larger rMTTs than sSVD. Hence, rCBF and rMTTs can be affected not only by the tracer-delay effect but also by other factors during postprocessing, such as the denoising fi lter, curve fi tting, and regularization of deconvolution. For example, a number of zero-MTT pixels were seen in some software, which was presumably a result of inaccurate calculation in severely hypoperfused tissue.
( 12 ) and MR perfusion imaging ( 26 ) , in which bSVD showed better correlation with single-photon emission tomography (SPECT) than sSVD. In our study, rCBF values of the fi nal infarct areas in the delay-sensitive software were signifi cantly smaller than in the delayinsensitive software. rMTTs in the former were also larger than those in the delay-insensitive software , supporting previous reports. We also found that delay-insensitive MS underestimated can eliminate variations in absolute values among software. For this reason, we evaluated the relative ratios instead of the absolute values. However, we found that substantial intervendor differences in rCBF and rMTTs still existed. rCBF and rMTTs are dependent on the susceptibility of the algorithms to tracer delay. The superiority of delayinsensitive algorithms such as bSVD has been demonstrated in chronic ischemia in both CT perfusion imaging 
To reduce intervendor differences, standardization of scanning protocols, procedures of contrast agent administration, data processing, and data interpretation are needed ( 28 ) . Susceptibility to the tracer-delay effect is one of most important issues in postprocessing. Steps for refi nement of software, including implementation of delayinsensitive algorithms, appear to be necessary, and further cross validation is necessary.
There were several limitations to our study. First, CT perfusion imaging data from only 10 patients were used. Tracer-delay effect was expected to be larger in patients with extracranial hemodynamic compromise, but only one such patient was included in our study group. Further validation should be conducted by using more data sets. Second, we performed subjective delineation results with identical patient data revealed that there were signifi cant differences in the areas with CBF/MTT abnormalities and in rCBF/rMTT values among all software, suggesting that CT perfusion imaging maps obtained with different software can differ in the measurement of perfusion abnormalities because of different sensitivities toward tracer delay. These variations in the quantitative/qualitative results are undesirable and possibly even harmful in certain clinical situations and in multicenter trials. Although previous studies have indicated that the quantitative values obtained with CT perfusion imaging can predict the fi nal infarct size, clinical outcome of the patients, and risk of symptomatic hemorrhage after thrombolysis ( 2, 3, 27 ) , these results cannot be generalized before validating intervendor agreement. CBV can be calculated by means of several methods, such as the ratio of the area under the time-concentration curve between the tissue and venous output function, and the central volume theorem (CBF 3 MTT) ; also, the methods may be different among software. However, in contrast to CBF and MTT, the differences in abnormal area for CBVs and rCBVs among software were small and good correlations were observed between all combinations. These results suggest that CBV and its changes are stable regardless of the algorithms and are comparable between different software.
The quantitative nature of CT perfusion imaging is one of its advantages over MR perfusion imaging, mainly because of the linear relationship between the concentration of contrast material and attenuation number. However, our of perfusion abnormalities. If an objective threshold level is used, the results might be different, although the threshold level for each algorithm will be different. In addition, ROIs were obtained by a single operator at a time and interoperator variance was not tested. However, the aim of our study was to analyze the variability among software, and intraoperator agreement was suffi ciently high enough to achieve good reproducibility of ROI measurements. Third, we expected the bSVD algorithm, because of its ability to cope with tracer delay, would produce more accurate results than the sSVD algorithm. Additionally, the amount of tracer delay might be estimated by using bSVD, and it might be inversely correlated with CBF or MTT of sSVD. Because these assumptions were not directly validated in this study, further studies should be performed by comparing the results of bSVD with another reference standard for infarction, such as PET or SPECT. Additionally, an adaptive SVD threshold level, such as an oscillation index, was not used with PMA. Wu et al ( 20 ) reported better results in their SVD program with an oscillation index. The perfusion maps may differ when using an oscillation index; however, we could successfully classify the software in two groups, the delay-sensitive and delayinsensitive groups, by using the results of the sSVD and bSVD algorithms in PMA. Fourth, the latest version of the software was used when the CT perfusion imaging maps were created; however, the versions tested were not the most current available when this article is published. The newer versions can deal with tracer delay and these versions need to be thoroughly evaluated by using simpler data sets, such as tracerdelay phantom ( 13 ) .
In conclusion, the abnormal area and relative values of CT perfusion imaging were significantly different among commercially available software provided by CT manufacturers. In particular, overestimation of abnormalities in CBF and MTT, presumably owing to the tracer-delay effect, occurred in software utilizing delay-sensitive algorithms. These variations among soft-
